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Simultaneous application of colloidal processing and liquid- 
forming additives to alumina resulted in a sintered density 
of >99% in 1 h at a temperature as low as 1070°C for a 
commercial high-purity alumina powder at a total dopant 
level of 2 mol%. The additives were 0.9% CuO + 0.9% 
TiOz + 0.1% B 2 0 3  + 0.1% MgO. At higher temperatures or 
after prolonged sintering, the doped alumina ceramic de- 
veloped a duplex microstructure containing large elongated 
grains and exhibited a relatively high fracture toughness of 
-3.8 MPa-m'" as compared to a value of -2.6 MPa*m'" 
for the undoped alumina. [Key words: sintering, alumina, 
additives, processing, microstructure.] 
I. Introduction 
HERE are two general approaches to enhancing sintering T kinetics or lowering the sintering temperature for ceram- 
its. The first is to improve powder processing, that is, to use 
fine starting powders' and to eliminate agglomerates in the 
green preforms?-4 such as by colloidal routes.' The second 
approach is to use sintering aids or additives. Additives in 
solid solutions can enhance diffusion and hence sintering 
by increasing defect pop~lations,6.~ while additives forming a 
liquid phase can facilitate particle rearrangement and 
soIution/reprecipitation.8 
For alumina, as an extreme example of the first approach, 
Yeh and Sacks' used colloidal processing with a specially clas- 
sified ultrafine powder to achieve a sintered density of 99.2% 
at 1150°C in 2 h. On the other hand, Cutler et al. lo used 4 wt% 
additives (about an equal amount of either TiOz + CuzO or 
TiOz + MnOz) to achieve 96% of theoretical density at 
1300°C in 1 h. This compares with a more typical sintering 
temperature of 1500" to 1700°C for high-purity alumina in 
normal laboratory practice. Further improvement has been 
made recently by Cannon," who achieved a 99% density at 
1200°C in 1 h by doping alumina with one of Cutler's additive 
compositions, i.e., 2 mol% CuO + 2 mol% TiOz. 
The simultaneous application of the above two approaches 
has not been exploited for alumina. In this paper, we show 
that they can result in a sintering temperature below 1100"C, 
and some beneficial effects on the mechanical properties. 
11. Experimental Procedure 
The starting material was a high-purity (>99.99%) alumina 
powder* with an average particle size of -0.2 pm. The addi- 
tive composition expressed in mole percent was 0.9% 
CuO + 0.9% TiOl + 0.1% BzO3 + 0.1% MgO. This compo- 
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sition is similar to that used by Cannon, but the total additive 
amount is smaller. Of the two minor additives, BzO3 seemed 
to enhance sintering, whereas MgO seemed to improve 
microstructure uniformity." 
The alumina powder was ultrasonically dispersed in dis- 
tilled water with a surfactant.' Additives were introduced by 
adding aqueous solutions of Cu(N03)2, Mg(N03)z,  and 
H3B03 and ethanol solution of Ti{O(CHz)3CH3}4 to the dis- 
persed suspension of alumina powder. The pH of the mixture 
was then adjusted to flocculate the suspension. The slurry 
was dried and calcined at 700°C for 1 h. A portion of the 
powder thus obtained was dried and then die-pressed under a 
compaction pressure of 150 MPa into pellets (process A). The 
rest was dispersed again, by attrition-milling and ultrasonic 
agitation, then pressure-cast into cakes as described else- 
where13 (process B). Shrinkage during nonisothermal sinter- 
ing experiments was recorded in a dilatometer* at a heating 
rate of 5"C/min up to 1450°C. Isothermal sintering experi- 
ments were conducted in the temperature range of 1070" to 
1200°C for times up to 5 h. 
To measure the hardness and the fracture toughness of 
the sintered samples, a Vickers indentation technique was 
e m p l ~ y e d , ' ~  using a load range of 4 to 15 kg. Flextural 
strength measurements were performed in four-point bending 
for specimens of dimensions 2.0 mm x 3.0 mm x 20.0 mm 
with a 4-mm inner span and a 17-mm outer span. 
111. Results and Discussion 
Figure 1 shows sintering curves of undoped and doped alu- 
mina, compacted in two processes. For the undoped material, 
'Darvan 821A, R.T. Vanderbilt Co., Norwalk, CT. 
'Theta Dilatronic, Theta Industries, Inc., Port Washington, NY. 
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Fig. 1. Sintering curves for doped and undoped alumina. Proc- 
esses A and B are described more fully in the text.) 
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Sintered density of doped alumina (B) as a function of Fig. 2. 
time for isothermal sintering at 1070" and 1200°C. 
the colloidally processed specimen (B) gives a significantly 
faster sintering rate than that of the conventionally processed 
one (A). For instance, the former achieves a density of 98% of 
the theoretical at 135OoC, while the latter reaches only 95.9% 
even at 1450°C. For doped alumina, sintering starts at a much 
lower temperature and seems to be much less sensitive to the 
variation of compacting processes. Nevertheless, the colloidal 
process (B) still has an advantage over the other process. For 
example, at 1200°C the colloidal processed sample reaches a 
density of 98.2%, a value the conventionally processed sample 
would obtain only after an 80°C temperature increase, i.e., 
at 1280°C. 
The above results can be qualitatively understood as 
follows. First, process A yields a less efficient packing of pow- 
ders than process B, as evidenced by its lower green density 
(59% in A as compared to 65% in B): Mercury porosimetry 
has further shown the presence of a larger average pore size 
and a broader pore size distribution in process A. These fea- 
'The relative density curves in  Fig. 1 are calculated from the end densities 
and the dilatometry traces, assuming isotropic linear shrinkage for the 
specimens. However, the measured shrinkage in the thickness direction is 
larger than those in the radial direction by about 1%. Therefore, the calcu- 
lated starting densities i n  Fig.1 are lower by about 3% than the actual green 
densities. This deviation, although noticeable in the low density range, does 
not affect the comparison of the relative density data. 
tures are known to retard effective sintering.'.'' Second, a 
low-temperature eutectic is likely to exist between A1203, 
CuO, CuzO, TiO', MgO, and B203.  The eutectic tempera- 
ture is probably lower than 1000°C, considering the known 
eutectic of 1096°C between A1203-Cu0-Cu20.'6 To estimate 
the eutectic temperature range, a DTA run has been con- 
ducted at a heating rate of 5"C/min for powder obtained by 
crushing a piece of the doped alumina (B) cake. An endother- 
mic peak has indeed been found, which starts gradually at 
-1040°C and begins to accelerate around 1130°C before peak- 
ing at 1167°C. Since the DTA experiment employs loosely 
packed powder as contrast to the densely packed pellets used 
in sintering, the endothermic peak would somewhat shift to a 
lower temperature for the sintering samples. Thus, liquid- 
phase sintering is probably operative in the doped alumina. 
Moreover, the presence of a liquid phase is known to render 
sintering more forgiving to processing flaws introduced by 
unsatisfactory powder packing processes. Lastly, the codop- 
ing of Ti and Cu is also known to increase the solubility of 
each, due to mutual charge compensation. This may, in turn, 
allow an additional contribution to enhance kinetics."," 
For the doped alumina (B) the densities achieved after 
isothermal sintering at two different temperatures are plotted 
as a function of sintering time in Fig. 2. At 1070"C, 99.3% 
relative density was obtained in 1 h, which appeared to be the 
optimal sintering time since longer time did not increase the 
density much. At 12OO0C, the sintering kinetics were so fast 
that a 99.1% density was reached in 15 min. However, the 
higher sintering temperature did not result in higher densities 
for sintering time longer than 1 h. 
The microstructure of a doped alumina (process B) sin- 
tered at 1070°C for 1 h is shown in Fig. 3(A), which features a 
very fine grain size (average grain size 0.33 pm) almost free of 
porosity ( p  = 99.3%). If the sintering temperature is raised or 
prolonged isothermal heating is used, however, a new duplex 
microstructure is developed. This is shown in Fig. 3(B), for a 
sample sintered at 1110°C for 1 h, which has a substantial 
amount of large, elongated abnormal grains, of a size around 
20 pm with an aspect ratio 3 to 10, embedded in a fine- 
grained (0.38 pm) matrix. These elongated grains become 
entirely dominant at an even higher sintering temperature, as 
can be seen in Fig. 3(C), for a sample sintered at 1200°C. 
Abnormal grain growth at such a low temperature is rare in 
high-purity alumina, and strongly faceted abnormal grains 
are frequently observed in liquid-phase-sintered a l ~ m i n a ; ' ~ . ' ~  
therefore, the observed microstructure here is no doubt due 
to the presence of a liquid phase. Moreover, liquid phases 
(A) (B) (C) 
Fig. 3. SEM micrographs of the doped alumina sintered at various temperatures for 1 h: (A) 1070", (B) 1110", and (C) 1200°C. 
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containing compensating dopants (e.g., T i 0 2  + CaO, 
Si02 + SrO, and S O 2  + Na20) are found particularly effec- 
tive in producing elongated, platelike abnormal grains.” The 
two major additives in the present study, Ti02 and CuO, are a 
compensating pair to alumina. 
Some beneficial effects of such a duplex microstructure on 
mechanical properties have been observed in this study. Flex- 
ure strength for specimens shown in Fig. 3(B) is 396 +- 41 
MPa, about the same as for an undoped alumina with an av- 
erage grain size 0.5 pm. More encouragingly, the fracture 
toughness is between 3.60 and 4.17 MPa.m’”, compared 
favorably to values of 2.41 to 2.76 MPa. m“2 for the undoped 
alumina. A similar observation has been reported for an 
alumina/rutile system:’ where the development of abnormal 
elongated grains promoted by Na20, a liquid phase former, 
resulted in a significantly higher fracture toughness. 
IV. Summary 
Both colloidal processing and the use of additives can re- 
duce the sintering temperature of alumina, the latter being 
more effective. When these two approaches are combined, a 
commercial high-purity alumina powder can be sintered to a 
relative density of 99.3% at 1070°C in 1 h, at an additive con- 
centration of no more than 2 mol%. A duplex microstructure 
can also be promoted by doping which results in an improved 
fracture toughness. 
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